ABSTRACT The sampling range of pheromone traps for the navel orangeworm Amyelois transitella (Walker) (Lepidoptera: Pyralidae) and its association with abundance was investigated by examining mutual interference within cross-shaped arrays of nine wing traps baited with virgin females and placed at 400-m intervals in three 256-ha blocks of almonds (Prunus dulcis [Miller] D. A. Webb), and three of pistachios (Pistacia vera L.). The proportions of males captured in the different positions were compared with the mean males for all traps, used as an index for abundance. For means between zero and 50 males per trap per week, the distribution was unequal between trap positions and the greatest proportion of males were captured in the northern-most trap (i.e., the within-row direction). Between 50 and 100 males per trap per week, most males were captured in the western-most traps and fewest in the center, and proportions were equal in other trap positions. Above 100 males per trap per week, the proportion of males captured was more nearly equal for all trap positions. These results demonstrate that the sampling range of pheromone traps for navel orangeworm is density dependent and, at low densities, is Ͼ400 m. They also indicate that abundance affects the impact of direction (orientation) of trap interference. At low density, female-strength pheromone traps sample males from beyond the block in which they are placed for orchard blocks of Ͻ50 ha.
The navel orangeworm, Amyelois transitella (Walker) (Lepidoptera: Pyralidae), is the primary insect pest of almonds (Prunus dulcis [Miller] D. A. Webb) and pistachios (Pistacia vera L.); California crops that are collectively worth ϾUS$2.5 billion per year. The navel orangeworm is highly polyphagous, developing on 40 different hosts in later stages of maturity or decay (Curtis and Barnes 1977) . Population growth of this pest varies greatly depending on the host, cultivated variety, and host stage , Hamby et al. 2011 , Siegel and Kuenen 2011 ; and there is much variation in the rate of development of individuals on a given host , Siegel and Kuenen 2011 . These factors, along with differences in the difÞculty of complete removal of potential host material from the previous-year crop, contribute to greater navel orangeworm abundance in mature pistachios compared with mature almonds . Seasonal trends in abundance also differ between crops (Burks and Brandl 2004; Burks et al. , 2011 .
Integrated management of the navel orangeworm has been impeded by the difÞculty of predicting damage by this pest, which is due in part to currently available monitoring methods. Despite advances in characterizing the pheromone blend of this species (Coffelt et al. 1979 , Leal et al. 2005 , there has been no pheromone lure available for this species with sufÞcient Þeld stability for practical use. Unmated navel orangeworm females are used as a pheromone source in lures for research in seasonal abundance, monitoring, and prediction, and the effect of mating disruption (Burks et al. , 2011 Higbee and Burks 2008) . This method of pheromone monitoring is also in limited commercial use. A pheromone lure is likely to become available soon, prompting the use of Þndings from traps baited with unmated females to examine the potential of a pheromone lure to inform management decisions for the navel orangeworm.
Interpretation of pheromone trap data is aided by knowledge of the distance or area sampled by the trap. Sampling range is the maximum distance from which the target species is known to be captured by an attractive trap over a given time, by both passive and directed movement (Wall and Perry 1987) . Determination of the distance over which mutual interference between traps can be demonstrated is one method that has been used to estimate sampling range (Wall and Perry 1978 , 1980 , 1987 , along with markÐreleaseÐ recapture studies Perry 1987, Ö strand and Anderbrandt 2003) . The range parameter from geostatistical studies can be used to infer sampling range (Brenner et al. 1998 , Trematerra et al. 2004 ; and in some cases such inference has agreed well with concurrent markÐ capture estimates of sampling range (Basoalto et al. 2010 , Epsky et al. 2010 . Interference is one of a variety of factors that can affect the relationship between abundance and the number of insects captured in pheromone traps. Other relevant factors include wind speed, direction, and interaction with the landscape (Sappington and Spurgeon 2000 , Sappington 2002 , Reardon et al. 2006 , and also competition between pheromone traps and wild females in the area of the trap (McNeil 1991) .
Several studies have shown that fewer males are captured in pheromone traps with more calling females in the area (Howell 1974 , Elkinton and Cardé 1984 , Croft et al. 1986 ). Such demonstrations imply that the number of calling females can affect the sampling range of a pheromone trap. A previous study examining the tobacco budworm, Heliothis virescens (F.), attributed a smaller sampling radius later in the season compared with earlier to increased abundance and increased competition with females (Hartstack and Witz 1981) , but we are unaware of other studies that have addressed this hypothesis. The objective of this paper was to examine the relationship between the abundance of the navel orangeworm and mutual interference between arrays of traps spaced at 400-m intervals in almond and pistachio orchards.
Materials and Methods
Insects and Traps. Unmated females were used as pheromone source as described previously Brandl 2004, Burks et al. 2008) . The colony was from a line obtained from the University of California at Berkeley in 1966, and was maintained at 26ЊC and 16:8 (L:D) h on wheat bran diet (Tebbets et al. 1978) . Females were isolated as mature larvae based on the absence of testes (visible through the male dorsal integument), and females were placed in plastic mesh cages (Curtis and Clark 1984) and transported to the Þeld shortly after eclosion and placed in wing traps (Pherocon IC; Tré cé , Adair, OK). A previous study found that, under similar circumstances, females prepared and deployed as for the current study survived and called for four to six nights, and that 60% of males were captured the Þrst night of trapping (Burks and Brandl 2004) .
Orchards and Trap Grids. This data set was produced in conjunction with a previous study . Brießy, grids of nine pheromone traps were hung from trees, 1.5 m from the ground, in the center, and 400 and 800 m in each cardinal direction (Fig. 1 ) in three almond and three pistachio orchards, each of Ϸ256 ha . These ranches were chosen because they were large enough to accommodate this experimental design and far from mating disruption trials. Orchard characteristics are shown in Table  1 ; each of the orchards was mature (6 Ð9 m in height) when the data were collected. Each ranch had northÐ south rows, and each was Ն5 km from any of the other Þve ranches. All six sites were bordered by the same crop on the north, and Þve of the six sites had almonds or pistachios bordering to the west (Table 2) . Traps were placed and baited with unmated females, and checked and provided with fresh females weekly for 14 wk between 27 May, until 2 September 2004. Trap liners were replaced when dirty or when moths were caught. Two sites were omitted 1 wk in August because of pesticide application, so the number of siteweek observations is 82 rather than 84.
Air Temperature and Wind Speed. Relevant data on air temperature and wind speed were obtained from three stations of the California Irrigation Management Information System (CIMIS 2012) , using three stations so that each study site was located 3Ð12 km from the nearest recording station. Minimum nightly temperature was obtained from daily records. Wind speed and direction were downloaded for the hours from 7:00 p.m. to 6:00 a.m. local time. The mean wind speed over the observation period was determined using PROC UNIVARIATE (SAS Institute 2008). SAS data step programming was used to categorize wind direction in one of 16 22.5Њ portions of the compass, corresponding to a 16-point wind rose, and PROC FREQ was used to determine the proportion of hourly observations for which the wind came from each direction. Data Analysis. Statistical analysis was performed using the SAS System (SAS Institute 2008). A series of scatter plots were used to perform an initial examination, for each trap position, of the relationship between the proportion of males captured in individual trap positions and the mean males captured in all nine traps for the 82 observations (Fig. 2) . The Pearson correlation coefÞcient, r (Zar 1999) , was used to examine, for each site and trapping interval, the association between the number of males in the center trap and the average number of males in all traps (used as an index of abundance). A mixed-model analysis of variance (ANOVA) (PROC MIXED, SAS Institute 2008) was used to compare the proportion of males per trap per week between the center and all other positions in the grid. The response variable was the proportion of males captured in a trap position for a particular site and week. The trap position was a Þxed effect; and week, ranch, and their interaction were random effects. Based on examination of the scatterplots, separate correlation analyses were used for site-weeks means of Յ50 (n ϭ 33), Յ100 (n ϭ 49), and Ͼ100 (n ϭ 33) males per trap. For ANOVA, separate analyses were used for site-weeks means of Յ50 (low abundance, n ϭ 33), 51Ð100 (moderate abundance, n ϭ 16), and Ͼ100 (high abundance, n ϭ 33) males per trap. To test the hypothesis that the center trap captured fewer males than all other positions, the Dunnett test for multiple comparisons (Zar 1999 ) was used to compare the center trap (as the control or reference level) to the other positions. A contrast statement in LSMEANS was used to examine signiÞcance of the difference in the proportion of males captured in the northern-most trap (position 9) and the western-most trap (position Fig. 1 . The dashed horizontal line represents 11.1%, the value expected if all traps contain an equal number of males. The relationship between percent males at a position and mean number for all traps is most distinct for positions 1 (farthest trap west), 3 (center trap), and 9 (farthest trap north). For position 9, three observations with Ͼ50% of total males and means of Յ10 males per trap for all traps are not shown. (Zar 1999) , and a log n transform was used for mean traps per week-site observation because this transformation improved the coefÞcient of determination, r 2 .
Results
The abundance, as indicated by mean males per trap, varied substantially between the two crops and 14 wk involved. Initial examination of these data indicated that the center trap was most likely to have few or no males, and that the western and northern traps captured the most males (Fig. 2) . The percentage of males in the trap positions therefore was used as an index of unequal distribution of males among the traps. If males were equally distributed among all trap positions, then the percentage expected for all traps would be 11.1% (i.e., one-ninths).
The proportion of males in captured differed distinctly between trap positions, and the relationship changed at different levels of abundance (Tables 3 and  4) . Inside traps had fewer and outside traps had more moths at low abundance (Table 4) , whereas at moderate abundance the only traps that departed notably from 11.1% were the center trap (position 3) and the western-most trap (position 1). At low abundance there were signiÞcantly more males in the northernmost trap (position 9) than in the western-most trap (F ϭ 39.6; df ϭ 1, 80; P Ͻ 0.0001), whereas at moderate abundance the reverse was true (F ϭ 5.6; df ϭ 1, 72; P ϭ 0.02) (Table 4) . At high abundance, the center trap and most others had close to 11.1% of males, but the western-most trap still had a signiÞcantly greater proportion of males than the central trap (position 1, Table 4 ) or the northern-most trap (position 9) (F ϭ 6.29; df ϭ 1, 88; P ϭ 0.014).
The correlation of the proportion of males captured in trap positions and overall abundance also changed between different levels of abundance ( Fig. 2 ; Table  2 ). The proportion of males in the northern-most trap (position 9) was negatively correlated with abundance at the low and low-to-moderate abundance levels, but positively correlated at the high abundance level (Table 4 ). The proportion of males in the center trap (position 3) was positively correlated with abundance in the low-to-moderate abundance level. This association of position 3 with abundance was not signiÞcant in the low abundance level by itself. Correlation coefÞcients for the moderate abundance level alone are not presented because none were signiÞ-cant, possibly because of small sample size. There was no signiÞcant association of the proportion of males in the western-most trap (position 1) with abundance within any level of abundance (Table 3) ; this trap consistently captured more males than the others within all ranges of abundance examined ( Fig. 2 ; Table 4 ).
The trends reported in the preceding two paragraphs are representative of various sites and weeks. For instance, among week-site means of Յ50, 11 of the 14 wk and all six of the sites were represented. All three almond sites are included in the 12 observations with Ն30% of the males in the northern-most trap (position 9), and the three observations with the Ͼ50% of the males in trap 9 are from different two sites and three different weeks. Also within this low abundance level, the eight week-site observations with Ͻ11.1% of males in the western-most trap (position 1) all came from two sites; but these two sites were also represented 11 times among week-site observations with Ͼ11.1% of the males in trap 1, including four of the six observations with Ն20% of the males in trap 1. Over the entire data set navel orangeworm was gen- Fig. 1 . Numbers of week-site observations are 33, 49, and 33 for the respective columns. (*P Ͻ 0.05, **P Ͻ 0.01, *** P Ͻ 0.001). Numbers of week-site observations are 33, 16, and 33 for the respective columns. The Dunnett test was used to determine the signiÞcance of differences between the center trap position and others (*P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001).
erally more abundant in the pistachio than in the almond sites; however, a plot (not shown) of the proportion of males in the center trap (position 3) by the mean for all nine traps revealed no apparent difference in pattern between almond and pistachio sites.
Night winds in the study area were generally light; i.e., Ͻ11 km/h, usually out of the west or southwest (Table 5) ; and the wind came from the northwest, north, or northeast 15% of the time. The minimum temperature was above 12ЊC (the threshold for navel orangeworm sexual activity, Landolt and Curtis 1982) for all but three of the 99 nights during this study.
Discussion
The data presented in this study demonstrate that, at low population density, there was a pattern of more males captured in pheromone traps in more exterior versus interior positions for traps placed at 400-m intervals in 256-ha orchards. This observation indicates interference between female-strength pheromone traps at this distance; consistent with daily sampling range estimates varying from 200 to 1,200 m in moths of the families Tortricidae, Sesiidae, Noctuidae, and Lymantriidae (Wall and Perry 1987) . With increasing abundance, there was a decrease in the overall inequality in the proportion of males captured at the different trap positions, consistent with the expected result if the sampling range is dependent on population density. Because abundance is usually similar between the sexes, the competitive effect of calling females on males is generally hidden and counterintuitive. This competitive effect, however, has been demonstrated by outdoor studies that manipulated the sex ratio (Howell 1974 , Elkinton and Cardé 1984 , Croft et al. 1986 ). The sampling range is the distance from which moths are recruited to pheromone traps over a given periodÑin this case 1 wkÑ and includes both passive and directed movement (Wall and Perry 1987) . Logically, increasing abundance of calling females increases the probability that males will be diverted before encountering the plume from a pheromone trap, or before encountering the trap.
Although the overall proportion of males captured in different positions became more equal as abundance increased, trap positions were effected differently and the pattern of trap interference changed with increasing abundance. Most notably, the northern-most trap was dominant below 50 males per trap but remained at 11.1% at higher abundance, whereas the western-most trap captured a greater-than-average proportion of males in each of the abundance categories examined. The proportion of males captured in the central trap was below average when Ͻ100 males per trap were captured, and increased through this range.
Landscape features seem unlikely to have inßu-enced the relative attraction of the outside traps on the west versus the north. For all six sites these orchards were bordered on the north by more of the same crop ( Table 2 ). All almond orchards were bordered by more almonds on the west. One of the pistachio orchards was bordered by pistachios on the west, another by almonds, and the third by unfarmed pasture; thus Þve of the six tree nut sites were bordered on the west by more tree nuts that serve as navel orangeworm hosts. The outside traps at these sites were within 10 Ð15 m of the edge of their particular orchard blocks. The neighboring landscape to the east and south was more variable and included more open ground (Table  2) , which could have (in addition to prevailing winds) contributed to the relative number of males captured in the southern and eastern traps compared with those on the north and west.
The 50 males per trap at which the northern-most trap reduced to average proportion of males captured coincides within the threshold level for saturation of the wing traps used (Riedl 1980 , Houseweart et al. 1981 , Ramaswamy and Cardé 1982 . However, trap saturation is a progressive phenomenon. Reaching the saturation threshold does not mean that a trap stops capturing insects, but rather that it becomes less and less efÞcient as more insects are caught (Houseweart et al. 1981) . Moreover, if trap saturation was the reason that the northern-most trap attained an average proportion of males captured at when the overall trap mean reached 50, then similar effects would have been expected for central and western-most traps, which continued to capture different proportions from the average when overall abundance averaged 50 Ð100 males per trap. Finally, even if saturation was an adequate explanation for a plateau of the proportion of males captured in the northern-most trap when abundance reached an average 50 males per trap, there are still signiÞcant log-linear associations between the proportion of males captured in traps and abundance in this range, indicating a relationship between sampling range and abundance.
The explanation for the clear trend of trap interference changing from predominantly northÐsouth to predominantly eastÐwest with increasing abundance is less clear. The western-most trap is cross-row and upwind with respect to the other positions, whereas the northern-most trap is in the in-row direction and downwind with respect to the other traps. Previous studies have observed effects of wind direction, wind speed, and landscape features (e.g., hedgerows) on insects captured in pheromone traps Perry 1978, 1980; Sappington and Spurgeon 2000; Sappington 2002; Reardon et al. 2006) . Studies of the pea moth, Cydia nigricana (F.), found more males captured in upwind traps in lines of two to three traps, and the most males captured in the Þrst and last trap with lines of Þve traps parallel to the wind direction Perry 1978, 1980) . Patterns of interference were not observed in lines of pheromone traps for the boll weevil Anthonomus grandis grandis Boheman when the line was directly perpendicular to the wind, but otherwise upwind traps interfered with lower ones (Sappington 2002) . In both the boll weevil and the European corn borer Ostrinia nubilalis (Hü bner), pheromone traps captured more insects when wind speed was lower, and traps near brushlines and windbreaks captured more insects in higher wind compared with traps farther away (Sappington and Spurgeon 2000, Reardon et al. 2006) . These previous studies were in perennial row crops and nighttime wind speeds in this study (Table 5) generally were classiÞed as "low" in these previous studies (Sappington and Spurgeon 2000, Reardon et al. 2006) , so horizontal wind speed may have had less impact in the pattern of males captured in the current study. An earlier study hypothesized that males maximize the probability of encountering a pheromone plume by ßying crosswind (Elkinton and Cardé 1983) , and subsequent studies found that male moths tend to ßy crosswind or downwind before encountering a pheromone plume, and crosswind or upwind after encountering the plume (Reynolds et al. 2007 , Guichard et al. 2010 ). The present data suggest that the navel orangeworm is more likely to travel within-row, and possibly downwind, when little pheromone is present and more likely to travel across rows in the upwind direction when calling females are more abundant. This observation also implies movement within the tree canopy when males do not encounter pheromone, but ßight over the top of the tree canopy when pheromone is encountered; however, more empirical data are required to address this hypothesis.
In conclusion, these data demonstrate that both the degree and pattern of interference between navel orangeworm pheromone traps at 400-m intervals change with abundance. This observation indicates that the sampling range of a female-strength pheromone lure is on the order of 400 m. This sampling range equates to an area sampled of 50 ha under conditions of low abundance; i.e., larger than many commercial blocks of almonds or pistachios. Insecticide treatments in almonds target either the Þrst ßight (overwintering generation) in spring or the second ßight around hull split (Zalom et al. 2009 ), whereas insecticide treatment in pistachios typically targets the third ßight (Bentley et al. 2010) . In almonds the second ßight is typically a time of low abundance, whereas abundance in pistachios is often higher in the third ßight (Burks et al. , 2009 ). Pistachios often have higher overall abundance compared with almonds , and a signiÞcant relationship has been detected between navel orangeworm damage to almonds and proximity to pistachios (which often have higher navel orangeworm abundance) at distances up to 5 km (Higbee and Siegel 2009) . This relationship was nonlinear; however, consistent with observations that the heaviest damage in almonds bordering pistachios with high navel orangeworm abundance was within 120 m of the pistachios (Burks et al. 2007 ). These observations suggest that low navel orangeworm counts in pheromone traps during second ßight can be an indication of low probability of damage in almonds, but also that trap density and placement will be important for this purpose.
